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Abstract

Very Long Bascline Interferometry (VLBI) observations of extragalactic radio sources pro-
vide the basis for defining an accurate non-rotating rcference frame in terms of the angular
positions of the sources. Mecasurements of the distance between the Earth and the mocm
and the inner planets provide the basis for defining an inertial planctary ephemeris refer-
cnce frame. The relative orientation, or frame tic, between these two reference frames is
of interest for combining Earth orientation measurements, for comparing Earth orienta-
tion results with theorics referred to the mean equator and equinox, and for determining
the positions of the planets with respect to the extragalactic reference frame. This work
presents an indirect determination of the extragalact ic-planctary frame tic from a combined
reduct ion of VLBI and Lunar Laser Ranging (LLR ) obscrvations. For this determinati on,
dataacquired by LLR tracking stations since 1969 have bcen analyzed and combined with
14 years of VLII data acquired by NASA’'s Deep Spacc Network since 1978. The framec
tic: derived from this joint analysis, with an accuracy of 0.003”, is the most accurate dcter-
mination obt ained so far. This result, combined with a determination of the mean ccliptic
(defined in the rotating sensc), shows that the mean cquinox of epoch J2000 is offsct from
the ax-axis of the extragalactic frame adopted by the International Earth Rotation Service
for astrometric and geodetic applications by 0.083:1:0.01 O“ along the y-dircction and by
0.0224:0.003” along the z-dircction.

1. Introduction

Very Long Baseline Interferometry (VLBI) observations arc sensitive to the relative ori-
entation of baseline vectors between radio telescopes and directions to extragalactic radio
sources. This sensitivity has been used to determine relative station locations with ~ 1 em
accuracy and to monitor variations in Earth rotation with milliarcsccond (mas) accuracy.
Relative dircctions of radio sources arc determined to mas accuracy (Sovers 1991a). In
order to combine informat ion from many different VLB I sessions and data reduct ions it is
uscful to fix the orientation of the coordinate system of the radio sources and to measure
Earth orientation (precession, rotation, universal time, and polar motion) and tectonic
motion with respect to this defined cclestial system. Since 1988 the International Earth
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Rotation Secrvice (IERS) has maint ained a cclestial reference frame defined by the posi-
tions of well-observed radio sources (Arias ct al., 1988). Since VLBI data arc not very
sensitive to the orbit of the Earth, and hencee insensitive to the dynamical equinox, the
rigid ascension origin of the IER S cclest ial system was set t o agree with that defined by
the historical lunar occultation of the source 3C 273 (Hazard ct al. 1971). The orientation
of the IER S cclestial frame is nominally maint ained with each new realization of the IER S
celestial frame (IERS 1993).

The planet ary cphemeris frame is defined by the orbits of t e Earth, moon, and plan-
cts. Lunar Laser Ranging (I.LLLR ) enables high-precision studies of Earth-Moon dynamics.
Through the effect of solar perturbat ions on the lunar orbit, LL.R observations arc sensitive
to the dircction to the Sun and to the plane defined by the Earth’'s orbit (the ecliptic).
The lunar ephemeris can thercefore be tied in orientation to the orbit of the Earth at the
milliarcsccond (mas)level (Williams and Standish, 1989). In addition, LLR is sensitive to
the orientation of the Earth (with respect to the lunar orbit) at the mas-level and LLR
station locations can be determined with few-centimeter accuracy (Newhall ct al. 1993).
The orbit of Mars is tied to the Earth-moon system with ~ 2 mas accuracy from six years
of accurate range measurements to the Viking landers (Williams and Standish, 1989). The
orbits of Venus and Mercury, with respect to t he Earth-moon-Mars syst cm, arc known to
~ 5 1mas from radar range observations. The orbits of the outer plancts arc based largely
on optical data and arc thus known with much less accuracy. When comparing the plan-
ctary ephemeris frame to the extragalactic radio frame we arc implicitly referring to the
orbits of the inner planets, cspccially Earth and Mars.

Because both VLLBI and LLR arc sensitive to station locations with respect to their re-
spective celestial reference frames, it is possible to infer the relative orientation between
the extragalactic radio frame and the planetary eplicmeris frame by comparing the relative
orientation of VLBl and LLR terrestrial frames and the time-dependent Earth orientation
transformations nceded to map Earth-fixed station locations to the VL.BI and L1.R cclestial
frames. KXnowledge of the mtragalactic-planetary frame tic is of interest for Earth orien-
tation st udies. The reference point for theories of Earth orientat ion is the equinox, which
is the intersection of the mean cquator with the mean ecliptic. of the reference epoch (e.g.
J2000). LLLR data arc sensitive to both the equator and the ecliptic but arc not as robust
as VL.BI for Earth orientation studies since there arce fewer LLIR observation stations, the
LLLLR data of a given date occur only in a single direction on the cclestial sphere, and data
acquisition is limited by the phases (brightness) of the moon. Determination of the frame
tic allows the routine VLBI Earth orientation results to be referred to the equinox.

Knowledge of the frame tic also specifics the orbits of the planets with respect to the extra-
galactic frame. This is of particular interest for t he navigation of interplanctary spacecraft.
Short arcs of spacceraft range and Doppler mcasurcments, reduced with Earth orientation
information referred to the IERS celestial system, lead to a position determination in the
ext ragalact ic reference frame with ~ 20 m as accuracy. VLBI observations of the space-
craft with respect to an extragalactic radio source directly measures onc component of the
spacccraft position in the extra.galactic frame with ~ 5 mas precision (Border ct al, 1982).
Using these position measurcments to their limiting accuracy requires knowledge of the
position of the target planet in the same reference frame.
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The theoretical foundation for the frame tic determination is described in sections 11 and
111. Section 1l examines in dctail the time dependent transformation between terrestrial
and cclestial frames while section 111 provides an analytical expression for calculating the
extragalactic-pl anctary frame tic from the relative orientation of the VLBI and ILLR ter-
restrial frames, and from paramet ers of t he two VLB1 and LLR t errestrial- celest i al tram-
formations. Section IV presents the analysis method and modeling used in the reduction
of t he VLBl and LLR data. The orient at ions of t he planet ary ephemeris DE200 relat ive to
the cxtragalactic frame arc calculated in section V and compared to previous determina-
tions based on VLBI observations of spacecraft at other planets and comparison of VLBI
and timing positions of millisecond pulsars. Finally, section VI presents a calculation of
the location of the mean equinox at epoch J2000 in the cxtragalactic frame adopted by
TIERS.

1. Relating Celestial and Terrestrial Frames

In the process of reducing LLR or VLBI data,a time dependent transformation between
implicitly defined cclestial and terrestrial coordinate frames is established. This transfor-
mation represents a dynamical tic between Earth-fixed and space-fixed frames and includes
estimated and assumed precession, nutation, sidereal time, and polar motion paramcters.
To cmploy this transformation, it must be understood in some dct ail. To this end, the
standard rcpresentation of the orientation of the Earth with respect to a cclestial system is
presented here. Particular attention is paid to the quantities that are commonly estimated
and how they affect this represent at icm.

Let @ represent the vector from the center of the Earth to a station in an Earth-fixed
cquatorial coordinate system with x-axis nominally aligned with the Greenwich meridian. *
In the fixed cclestial coordinate system, the station vector ¢ at time t is calculated as

¢= PNSO % . (1)

The (polar motion) rotation O corrects for the offset between the 13arth-fixed coordinate
polc and the ‘Celestial Ephemeris Pole’. The ‘Celestial Ephcmeris Pole’ (CEP) is concep-
tually defined as the axis which, in the theory of the rotation of the Earth, has no forced
daily or semi-daily nutations (Scidelmann, 1982; Capitaincct al.,, 1985). S models the
rotation of the Earth about the CEP, N accounts for the cluasi-periodic nutation of the
CEP about the ‘mean polc of date’, and P models the precession or secular drift of the
‘mean pole of date’ and ‘mcan equinox of elate’ with respect to t he fixed cclestial pole and
equinox of J2000. Each of these rotations is discussed in detail below.

At a particular time only three rotation angles are required to specify the rotation matrix
between terrestrial and cclestial coordinates. The evolution of the threc angles with time
is complex and conventionally the total rotation matrix is broken up into the scquence of
rotations in equation (1 ). Nine angles arc involved: three for precession and obliqui ty, two
for nut ation, two for polar motion, an d UT1 -UTC. When comparing the rotation between
terrestrial and cclestial coordinates for VLBI and LLLR, the total rotation matrices will be
compared .

The time dependence of the Earth-fixed location duc to tectonic motion is ignored through-
out this sect ion.



A. Notation

In order to discuss modeling of Earth’s rotation in detail, a notation for positive rotations
Ry, Ry,and R, about the z,y,and z axes respectively is introduced, where RX, Ry,
and Ry arc defined by

1 0 0

Rx(6) = |O cosf siné
0 -- sin fBcosb
cos 6 0 - sin 6
Ry(6) = O 1 0 (2)
[ sin 6§ O cosB 1
cos # sinfd O
R;(0) = | —sinf cos 6 0
0 0 11
Thesc rotations arc positive in the sense that they represent a transformation between two
coordinate systems with the final coordinate system’s basis vectors being rotated from the

initial systcm’s basis vectors by a right-handed rotation of angle # about the designated
axis,

A rotation about an arbitrary axis will be dcfined by
R(O)7 = #—sinfO x4 (1 — cos8)O x (6 x 7) (3)

where 9::|@| is the angle of rotation, © = (:5/6 is the rotation axis, and 7 is an arbitrary
coordinate vector. For example, with this notation Ry (0)=R(0¢x ), Ry (8)=R(6¢y ),
and It Z(0) = R(0¢,), where ¢y, ¢y,and ¢y are the x, y, and # relit vectors respectively.
T'wo results will prove useful inconnection with this notation. First, if M is a rotation
matrix, t hen it can be shown that

MR(6)M~' = R(MO) (4)

This follows from equation (3) and the invariance of the cross product under orthonor-
mal coordinate transformations ( M [A x B]= [MA] x[MB] ). A second result is the
approximation rule for small rotation vectors,

-—

R(BR(A) ~ R(A4 B+ Ax 13/2) (5)
which is ac.curate through sccond order.

D. Terrestrial PPolc orientation

The first rotation applied in the transformation from terrestrial to cclestial coordinates
is the orientation matrix O, which accounts for polar motion, the cil'set of the ‘Ceclestial
Ephemeris Pole’ from the terrestrial coordinate system pole:

Yy
o) = T (6)
0

The angles @ and —y arc approximately the x and y coordinates of the ‘Celestial Ephemeris
PPole’ in the Earth-fixed system.




C. Rotation About the Pole

The vast majority of the rotational velocity of the Farth is modeled in the spin matrix

where 6 is the * Greenwich Mcan Sidereal Time', the hour angle between the meridian
containing both the terrestrial x-axis and the ‘Celestial Ephemeris Pole’, and the meridian
containing both this pole and the ‘mcan equinox of date’. The ‘equation of the cquinoxes’,
which is normally included with the spin rotation S, will be incorporated below in the
nutation matrix N. It should be noted that small rotat ional velocit 1es occur due to preces-
sion, nut, ation, and polay motion, and thercfore the ‘Celestial Ephemeris Pole’ is not the
rotation axis of the Earth’s crust. By definition, the Earth-rotati on-hased time scale UT'1

is directly related to f¢ , with the explicit relationship given by Aokict al. (1 982). When
a correction to UT'1 is estimated, the spin matrix may be represented as

S(t) = So(H)R,(—Q[6UT1]) (8)
where ) is the mean rotation rate of the Earth, $UT'1 is the correction to UTT, and Sy(?)
is the value of S(¢) obtained using the nominal value of UTL.

D. Nutation

Nut ation describes the ‘short’ term quasi-periodic variations in the ‘Celestial Ephemeris
Pole’. The largest term has an 18.6 yecar period with an amplitude of 9 “ (9 arcscconds).
The standard modecl for nutation is given by

N(t) =Rx(—e)Rz(AY)Rx(e 4 Ae)Ry(—ap) (9)

where A is the nutation in longitude and Ae the nutation in obliquity. Here the ‘equation
of the equinoxes’ rot ation, which transforms from t he ‘true equinox of date’to the  recall
equinox of date’ is given by

ap = Ay cos(e) (lo)
and has been included with the nutation since the equation of the equinoxes depends only
on nut at ion paramet cm. Fourier series for Ay and Ae for the standard (IAU 1980) model
arc given by Wahr (1981) or Scidelmann (1982).

To provide a better understanding of the nutation matrix, an approximate formula for it
will he derived using equations (4) and (5). First, using cquation (5), the nutations can

be grouped together:
Ae
N(t) ~ ]{A(-‘()R 6I Rx(f)R,Z(——Q”}g) (11)
A,
The nutations Ay and Ae arc applied in ecliptic. “coordinates, with Rx(c) representing a
transformation into ecliptic coordinates, and Rx ( — €) representing a transformation back
to equatorial coordinates. By using equation (4) with Rx (—¢) as M, the nutation matrix
may be reduced to a scrics of small rotations:
Ace
N(t) ~ R —Apsine Ry(—ayp) (12)
A cos €
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Using the explicit form (1 O) for the equation of the equinoxes, and collecting together small
rot ations using (5), the approximation

Ae
N(t) =~ R —Atpsine (13)
0

is obtained.

When nutation is estimated, the corrected nutation matrix can be represented as

be
N(i) = N]AU(t)R "6?/) sine (14)
0

where N,y is the (unapproximated) standard model and ée and 61 are corrections to Ae
and Azp.

K. Precession

Precession describes the long term drift of the ‘mecan pole of elate’ and ‘mcan equinox of
date’. The ‘mean pole’ drifts in declination by na 2004 per Julian year, and the ‘mcan
equinox’ drifts in right ascension bym = 46”12 per Julian ycar (Lieske, 1979). The
standard model for the precession is given in the form

])(i) P Rz(CA)]{y(*‘HA)Itz(ZA) (15)

Polynomial expressions for the angles Ca, 4, and z, as a function of t arc given by Lieske
(1 979; 1977). A vectorial formulation of precession is given by Fabri (19S0).

When corrections to the standard precession model are estimated, the corrected precession
matrix may by represented as (Zhu and Mueller, 1983)

0
P(f) = P]Ay(i)R —én (t - t])) (16)
dbm

where Prav is the standard model (equation (15) with Licske’s polynomials), én and 6777
arc corrections to the precession rates in declination and right ascension respectively, and
1 is a reference epoch, which is preferably ncar the mean data epoch. The correct jon to
the geineral precession in declinat ion and right ascension, én and 61, may be expressed as

én = épys sin €
: 17)
§m = Oprs cos € — by

with e being the mean obliquity of the ecliptic, p; s the luni-solar precession in longitude
and y the planetary precession in right ascension.

6




. The Total Effect of Estimated Quantitics

Combining the above rcsults and using equation (4) and cquation (5) wc find that the
transformation from terrestrial to cclestial coordinates including estimated quantities may
be expressed as:

P N S O = P]AuN]A[]SOI{(é) (]8)
where
0 56 y
6 =SNG -onl@-tn)4 S| —ésine | 4+ 2 ¢ 19)
bm 0 ~Q[oUT1

or, neglecting the cffect of the nutation matrix on the precession corrections (this is less
than 0.02 mas),

decosbBy — (6n(t —1tp)+ épsine)sinfy + y
O = | —besiny — (6n(t —tp) 4 Spsine)cosby + @ (20)
dm(t — tp) — Q6UTT)

Scveral things should be noted from this rclationship.  First, estimation of precession
in declination énis cquivalent to estimating a linear trend in the nutationin longitude
8. In the following analysis references to én arc dropped in favor of a trend in 7).
Sccond, estimation of precession in right ascension ém is equivalent to cstimating a trend
méUT1. As discussed by Williams and Melbourne (19S2), when corrections to precession
arc adopted in the future, the definition of UT1should be altered so that UT] series arc
continuous. Guinot (1979) has gone furt her and suggested that, rather than referring UT]
to the meridian oft he mean equinox, it should be referred to a ‘Non Rotating origin” which
is defined on the instantancous Earth equator in such as way as to be largely independent
of precession and nut at ion models ( Capit ainc et al.  1986). In the light of this thinking)
the precession inright ascension ém is not, a useful parameter and cannot be estimated.
Jills]] y, it should be noted that, on time scales short compared to a day, it is impossible to
distinguish between nutation and polar motion; only three angles arc needed to describe
a general rotation. In fact, if nutations were allowed to have rapid variations with nearly
daily pcriods, there would be no need for t he polar angles x ant] y. This points to t he
fact that, whatever the cone.cptual definition of the ¢ Cclestial Ephemeris Pole’, its present
implementation results from fitting data to slowly varying nutation and polar motion
modecl s .

111. Relating the VIBI, LLR, and Planctary
Ephemeris Reference Frames

In this section, the relationships between the planctary ephemeris and the LLR and VLBI
reference frames are discussed. The end result is an expression rclating the extragalacti c-
planct ary frame tic t o quant itics avail able from t he LLR and VLBI data reduct ions and to
the transformation between LLR and VI.BI terrestrial frames. The extragalactic-planctary
frame tic is represented by a rotation vector A that relates VLBI celestial coordinates évy, gy,
and planctary cphemeris coordinates ¢pp by

HVLIII = R(-Z )6}'}«; (21)
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The derivation of the frame tic starts with the planetary cphemecris as represented by
the ephemneris of the Earth and proceeds in steps to the LLR terrestrial frame, the VLBI
terrestrial frame, and finally to the VLBI celestial frame, which is tied to the cclestial
system adopted by IERS for astrometric and geodetic applications.

Transformation between the planctary ephemeris frame and the LLR terrestrial frame

In the LLR data reduction, tecrrestrial coordinates ', and celestial coordinates in the
planetary cphcmeris frame Cpy; arc related by

Cpp = R(épnjj}; + 6Q1fQII)I)IAUNIAUSOR((:SLLR):FLLR (22)

where (3)“1,( has the form of cquation (20), and where §°; and 6@ arc corrections to the
orientation of the Earth’s orbit cstimated in the LLR analysis. I’ is a unit vectorin the
dircetion of the Earth’s perihelion and Q) is a unit vector in a direction orthogonal to
both the direction to perihelion and to the ecliptic pole (sew Brouwer and Clemence 1 961).
P, and (;),, arc given by:

Ccos W — sinw
Py = SINW COoSs € Qp = COSW COS € (23)
sinw sin e cosw sin €

with the argument of perihelion w = 102.94° atJ 2000.

Transformation between the LLR and VLB terrestrial frames

T’he complet ¢ t ransformat ion from LLR to VLBI t errestrial coordinat es must account for
a rotation, a t ranslat ion, and a possible difference of scale. Here our main concern is with
the relative orient ation of t he t wo frames. Thercfore, t hic relat ionship between coordinates
inthe two frames will be represented as

:—17\/“,, - R(R)-’?LL}( (24)
where the vector R parameterizes the rotation between the LIR and VLBI terrestrial
frames. The method uscd to derive this rotation will be explained in Section V.

Transformation between the VLBI terrestrial and celestial frames

In the VLBI data analysis, terrestrial coordinates @y yp, and cclestial coordinates Gy py
arc related by

Svinr = R(Op)PrayNawSR(Ovinr)dvin (25)
where @, ,,; has the form of cquation (20) and where @, is a small increment al rot ation

carrying the mean CEP pole of year 2000 into the polc of our VLBI frame, coincident with
that of the IERS frame (sce Section 1V). ‘The rot at ion vect or @p is represented by:

6,
6p = |6, (26)
0

where (--@z, 6,, 1) arc the coordinates of the mean CEP pole of year 2000 in the VLBI/IERS
frame.




Iixpression of the extragalactic-planctary frame tic

Tracing the coordinate transformation
Cvrnr < Bvin < T < Cop
the extragalactic-planctary frame tic is found to be given by
R(;i) = R(é]’)Pl/\UNIAUSOR(é\’LB])]{(E)R(’—él,llit)sa1N;XUI);/1U
x R(—6P, Py — §QnQn)

Using cquation (4) and ecquation (5) this reduces to

(27)

R(A) = R(6,)R(P1avNsavSo[Orrms + B — O )R(—6P, Py — 6QuQu)  (28)

and then

— — — — - ~ ~
D
A = Op+PrauNwSOvipr + R—Opip) — 6Py — 0Q1Qy (29)
Negleeting the effect of precession and nutation on small quantities (this is less than 0.1 mas
and is not significant in our analysis), the components of the rotation vector 4 are given

by
[A] ] [ 0, ] n [ Sevinr — S€Lin ]
A, 0, ‘(51/’\11,131 - 51/’1,Ln) sin €
cosbg —sinfg By 4 yvipr — Yrun ]
+ [ sin g cos O ] [ Ry 4 xvipr — Trir
—~6Py cosw + 6Qp sinw
+ [ —6Ppsinwcose — 6Qp cosw cos e ]
Ay = Ry — QOUT 1y — 6UT11n) — 6Py sinwsine — 6@y coswsin e

where the correction to precession in declination is included as a trend in 6% and a corrce-
tion to preeession in right ascension is not distinct from a trend in 6UT'1. As argued earlier,
nutation and precession can be scparated from polar motion only by requiring that each
be slowly varying. Therefore the terms in equation (30) that arc modulated by sinusoids
in 6, the Greenwich Mean Sidercal Time, must bescparately zero. This gives the bias
between the two polar motion series in terms of the terrestrial transformation paramecters
I, and I?,, which correspond to a displacement of the coordinate pole:

Yorr ~ Y = Iy

(30)

(31)

Trir T xyip = Iy
The full three dimensional framec tic rotation vector is then given by
0, 4 beviny — b€ — 6Py cosw + 6Qp sinw
A = 0y — (8¢y 1 — 6ppr)sine — 8P sinw cos € — 6Q; cosw cos € (32)
Ry — QUEUT 1y — 8UT1 1) — 6Py sinwsine — 6@y cosw sin €
The calculation of A generally requires acomparison of LLRR and VLBI nutation and
universal time estimates, a dctermination of the transformation between VLBl and LLIR

terrestrial fraines, and knowledge of corrections to t he orientation of t he Eart h's orbit and
to the position of the mean CEP pole of epoch J2000 estimated in the analysis.

9




1V. The joint VLBI/LLR analysis

Inthe past decade, software: for the reduction of VLB observations (Sewers 1991b)and LLR
obscrvations has been developed at t he Jet Propulsion Laboratory (J PL). The software
formulation allows the two data types to be combined for estimation of paramectersin
common to VLBl and LLR. Such a combined analysis was initially dcveloped to produce
joint VLBI/LLR estimates of precession and nutation constants (Chariot ct al. 1991). The
combined data set is stronger than either individually because the LLR data set is of longer
duration (heginning in1969) while the VLB1 data arc currently more accurate and more
frequent. This combined analysis is also useful for determining the extra.galactic-pla.net ary
frame tic because consistency of VLBI and LILR Earth orientation modcling inherent in
the mecthod provides simplification of equation (32) for the frame tic calculation.

The VILBI data used in our analysis consist of about 10 000 delay and delay rate pairs
acquired during 127 dual-frequency (2,3 and 8.4 GHz) VLB1 obscrving scssions carricd
out by the NASA’s Deep Space Network (DSN)between October 1978 and February 1993
on two intercontinental baselines: Goldstone-Madrid and Goldstone-Tidbinbilla. Approx-
imately half of these obscrvations (starting in1988) were recorded with the Mark 111 data
acquisition syst em (Rogers ct al. 1983) with a precision of 1 cm. The older obscrvations,
recorded with the Mark I system (Clark 1973), have a precision of 10 cm.

The LLR data consist of about 8000 ranges (dist ance measurements) from t elescopes on
the Farth to reflectors onthe Moon acquired between August 1969 and February 1993.
The mcasurements of the first decade arc all from the 2.7 m telescope at McDonald Ob-
servatory (Texas), which ccased LLR activity in 1985. Thosc of t he past decade arc from
three telescopes, located in Grasse (France), Halcakala (island of Mauai, Hawaii), and
at McDonald Observatory, which arc dedicated to ranging the Moon and Earth-orbiting
sat cllites. The current precision of LLR mcasurements is about 3 cm while the precision
of carly data was 30 cm.

In the combined VL.BI/LLR analysis, corrections to periodic nutation terms were estimated
in common to both data types as well as a linear correction to nutation in longitude
(cquivalent to a correction to luni-solar precession). Such parameters are necessary because
the TAU (1976) precession constant is known to be in error by several mas/yr and the 1AU
(1980) theory of nutation amplitudes arc in error by several mas (e.g. Herring ct al. 1991,
Williams ct al. 1991). In addition, UT1 tidal amplitudes at the nearly diurnal (X, ’,0;)
and semi-diumal (S,, Mz, NV2) frequencies were also jointly cstimated because the present
theorctical models available arc not accurate enough to fit the VLBI data (e.g. Sovers ct
al. 1993). Offscts to the a priori polar motion/UT1 series (Gross, 1993) were constrained
to be Zero. Corrections to UT1 and polar motion rates were estimated separately for each
data type since station velocities were set to agree with the NNR-NUVEL- 1 plate tectonic
model (DeMet s et al. 1990, Argus and Gordon 1991). !I'able 1 gives the estimated values
for the nutation parameters, UT1 tidal amplitudes, and VLB1 and LLR polar motion and
UT1rates. The parameter uncertainties given in Table 1 and throughout, the rest of this
section represent the formal errors of the least squares fit, The formal uncert aint ics arc
known to be smaller than the actual uncertaintics duc to several effects not included in the
least-squares fit. A better representation of the actual parameter uncertainties is given in
the next section for parameters important in the derivation of the frame tic.

10




In order to fit the VLBI data with the above Earth orientation modeling, the locations of
the DSN radio telescopes were estimated along with relative coordinates of cxtragalactic
radio sources and session-spccifl ¢ clock and troposphere parameters for each station. The
rclative locations of the various radio telescopes within each site ( Goldst one, Madrid, and
Tidbinbilla) were constrained (to 1 ¢m) by intra-site VLB1 experiments (Jacobs, 1993).
Table 2 gives the estimated VLB1 radio telescope positions. The VLBI celestial frame was
tied to the IERS celestial system by fixing the right ascension and declination of QJ287
(08514 202) and the declination of CTD20 (0234 -+ 285) to their values in the ICRF91
frame, as dcvised by Steppe ct al. (1992). The position of the mean CEY pole of year 2000,
defined in equation (26), was also cstimated, and its coordinates were ¢1=— 1.5 4- 0.2 mas
and 02— 21.63: 0.5 mas. Thelarge offset of the CEP position about the y-axis, 19,, is
mainly due to the lincar correction to nutation in longitude obtained in our combined
analysis (—3.79 mas/yr). ‘This corrcction is consistent with that found by other groups
(e.g. --3.2 4 1.3 mas/yr, Herring et al. 1991).

I,LR-specific parameters estimated included station locations, rcflector locations, corrce-
tions to the orbit of the Earth-moon barycenter about the sun, as tabulated in the experi-
ment al planetary and lunar ephemeris DE21 0/LE2 10, and lunar gravity, rot at ion and orbit
paramecters. The corrections to the Earth’'s orbit were found to be 6P, = 4.0 4-0.6 mas
and 6Qp = —2.4 4- 0.3 mas. The estimated LLR site locations arc listed in Table 3.

Equation (32) shows that the extragalactic-planctary frame tic generally depends on the
OH'SCtS, SUT Y vipr - 6UT1, g, 0€ vinr — b€rLn, and OPyvrpr - 6111y between the VLEBI and
LLR Earth orientation corrections. Inour combined VLBI/LLR analysis, these offscts
cancel because the Earth orientation was made consistent for VLBl and LLR. Thus, the
frame tic calculation is simplified. The VLBI and LLR rate corrections to the a priori
UTTland polar motion X arc insignificant (see Tablc 1). The rate corrections to polar
motion Y arc significant and disagree for LLR and VLBI. The VLB1 polar motion Y rate
offsct (().26 3:0.04 ma/yr) is consistent with the known rate offset (O. 15 4 0.04 mas/yr)
between the JERS polar motion scries to which our a priori scries is tied (sce Gross 1993)
and the IERS terrestrial rcference frame (IERS, 1993). The larger difference in the LL R
polar motion Y rate may be duc to a difference between the LLIR estimated values and
the a priori series for times prior to 1984, where no VLB1 data exist, or possibly ducto a
discrepancy between the NNR-NUVEL-1 plate motion and the actual site velocity at onc
of the three LLRR sites. At this level of discrepancy, howcever, a polar motion Y rate should
not significantly affect the frame tic determination.

V. The extragalactic-planctary frame tic

After constraining Earth oricntation offsets to agrec in the combined VL BI/LLR analysis,
the framec tic may be computed in terms of the coordinatces of the CED in the extragalactic
frame, the corrections to the planetary ephemeris, and the relative orientation of the
VLBl and LLR, terrestrial frames about the z-axis. Estimates for all of these paramcters
except the terrestrial frame orientation arc given above. A direct comparison of the VI.BI
and LLR terrestrial frames is not possible sincc DSN VLBI sites and LLR stations arc
widely separated. Fortunately, recent efforts to unify VLBI, LLR and SLR (sat cllitc laser
ranging) terrestrial frames, both by the Intcrnational Earth Rotation Service (Boucher and
Altamimi1989) and by independent groups (Ray ct al. 1991), have resulted in a terrestrial
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frame cent aining all of the DSN and LLR sites. The transformation between the VLBI and
LLR terrestrial framesin the combined VLBI/LLR analysis may then be determined by
comparing them with such a unified terrestrial frame. For our analysis, WC chosc the 1992
realization of the IERS terrestrial frame labeled 1 TR¥F92 (Boucher et al. 1993). T'able 4
gives the VLBI and LLR station coordinates the ITRF92 system as given by (Boucher ct
al. 1993.

The individual VLBI and LLR frames have been compared to the ITRF92 frame with a
scven-paramecter transformation (3 translations, 3 rotations, onc scale factor) given by:

= v Ay~ AT
Syrpr = T+ (14 D) 1pnper + R 11 1ron

- " 33

T = T"+ (1 + D" 1y rpon + I{(R”)i'/‘n'mm (53)
where & VB i, T [ RE9g ATC COOT dinate vectors in the VLBI, LLR and ITRF92 frames,
7" and 7% (R’ and I, respectively) arc translations (rotations, respectively) from the
I'TRF92 frame to the VLBI and LLR frames, and I’ and D” arc scale factors fromn the
ITR F92 frame to the VLBI and LLR frames. The seven paramcters of each transformation
have been cstimated with a least-squares analysis comparing the station coordinates of
cach frame (VL Blor LLR) to the corresponding station coordinates in the ITRF92 frame.
Table 5 shows the values of these paramcters. The relative orientation of the VLB1 and
LLR terrestrial frames about the z-axis nceded {for the frame tic calculation may be derived
from the paramcters given in Table 5 as I3 = -39.4 4+ 1.9 mas.

Returning to equation (32) and substituting the terrestrial rotation I3, corrections to the
orientation of the Earth’s orbit, 6, and 6Q;, and corrections to the position of the mean
CEP pole of year 2000, 6,and ,, given above, providesthe following estimate of the
tic from the frame of the cxpcerimental planetary cphemeris DE210 to the IERS celestial
reference frame.

-3+2 mas ]
Alhns - — 18+ 4 mas (34)
—41 43 mas

The uncert aintics printed in equation (34) arc not formal errors. For their determination,
wc have mult iplied t he formal crrors of §1°; and 6 Q) by a factor of 5, accounting for t he fact
that the mutual inclinations of the ecliptic, the equator, and the lunar orbital planc arc not
known to better than 2 mas accuracy (Williains and Standish 1989). Similarly, the formal
cerrors of 8, and 02 have also been cnlarged by a factor of 5, assuming an uncertainty
of 0.5 mas/ yrin the precession constant (t hcf{ormal error was only 0.1 mas/yr). The
uncertainty in g (+3 rims) accounts for likely systematic errors duc to the limited number
of sites in the station coordinate comparison.

The frame tic given in equation (34) is dependent on the data span used in the least-squares
fit and is most valid at the time of the weighted mean data epoch, which is about 1988.
‘This is becausc the frame tic is sensitive to the positions of the plancts relative to the radio
sources atthe time LLR and VLBI data exist while the uncertainties of the positions of
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the planets at times relative to the 1988 generally incrcase with time. In particular, the
mean motion of the Earth-moon barycenter about the sun, determined primarily by Viking
lander ranging, is uncertain by ~ O. 15mas/yr duc to uncertaintics in the masses of the
asteroids Ceres, Pallas, and Vesta (Williams, 1993). An analysis of a similar LLR/VLBI
data set wit h a mean data epoch ten years lat er could be expected to give a result different,
by ~ 1 .5mas.

The frame tic between the older planctary ephemeris DE200 (Standish 1982,1990) which
was cxtensively used in the past decade, and the IERS cclestial frame, A1 is00 can also he
inferred from our analysis since the relativerot at ion veet or bet ween DE200 and DE210 can
be calculated by comparing the orbit oft hc Earth-moon barycenter in the two ephemerides.
Such a comparison gives a time-dependent rotation since the two ephemerides are based
on different data sets. The cphemeris DE200 included only part of the Viking lander data
and the masses of the asteroids were Icss certain at the time of the DE200 solution. The
rotation between DE200 and DE210 is found to drift by ~ 0.5mas/yr which is greater
than the current uncertainty of the Earth's mean motion about the sun. For the mcan
data epoch of 1988, the rot at ion bet ween DE200 and DE210 is approximate cly given by
Abr2l¢ — (1 mas, -30 mas, 35 mas). our estimate of the frame tic between the planetary
cphemeris DE200 and the IER S cclest 1al frame is then:

— 2 4+ 2 mas
Allns o
A])]gzog « - 1244 1Mas (35)

--6 £ 3 mas

This frame tic is consistent with that determined by Finger and Folkner (1992) with a
similar method (A =14 3 mas, —10 4 3 mas, —4 45 mas). It can also be compared
to results obt aincd by other techniques by examining t hc offset in right ascension an d
declinat ion in t he part of t hc sky where the other mecasurcments exist, keeping in min d
that a largely-Imown drift exists for data reduced with respect to DE200 of ~ 0.5mas/yr.

There have been a mumber of VLI observations of spacecraft at other planets. A planetary
orbiter, or a spacccraft making a planctary ecncounter, has a position determined with
respeet to the planet from the gravitational signaturc on the spacecraft Doppler data.
VLBI mecasurements between the spacecraft and one or more angularly nearby radio sources
can be used to estimate the radio source coordinates in the planetary rcference frame.
Newhall et al. (1986) reported average right ascension and declination offscts consistent
with zero with uncertainty 8-12 mas based on the results of VLBI measurements for the
Viking and Pioneer Venus orbiters. This dctermination is consistent with our result in
equation (35). McElrath and Bhat (1988) derived a position of the radio source 0202 -t- 149
in the frame of t hc planet ary ecphemeris D E200 from observat ions of t he Soviet Vega 1 and
Vega 2 spacccraft as they flew by Venus in 1985. The uncertainty in this determinat ion
is dominated by thce uncertainty in the location of Venus with respect to the Earth'’s
orbit,. In Table 6 the results of the Vega flyby mecasurements are compared with our
determination and arc seen to be consistent within onc sigma. In 1989, two single-baseline
VI.BI obscrvat ions of t hc Soviet Phobos 11 spacceraft at Mars were made to determine
onc component of the positions of two radio sourcesin the frame of DE200 (Iijima and
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H ildebrand 1991 ). The results of these two mcasurcments arc consistent with the result of
equation (35) as shown in Tablc 6.

Timing of millisecond pulsars gives positions with accuracy better than 1 mas bascd on the
orbit of the Earth (Rawley et al. 1988). VLLBI observations of these sources arc diflicult
sine.c the pulsars arc weak radio sources. Two groups (Dewey ct al., 1991; Bartcl,1991)
have made VLBI obscrvations of the pulsar PSR 1937+-21. Prcliminary results from onc
group (Dewey ct al. 1991), when combined with t hec results of t he timing mcasurcments,
give right ascension and declination offsets for the pulsar that arc in agrecinent with our
frame tic determination (see Table 6).

in the future more spacecraft VLBImecasurements and refinements of the technique pre-
sented here, as well as results from other methods, should combine to produce a consistent,
frame tic determination at the 1 mas level. In the meantime, the cxtragalactic-planet ary
frame tic result presented here with 3 mas accuracy is the most accurate currently available.

V1. Location of the mean equinox of J2000 in the IERS systcmn

It has been traditional for astromctry to refer to a coordinate systcm defined by the mean
cquator and equinox of a reference epoch (e.g. B 1950, J2000), where t he mean equinox of
cpoch is the intersection of the mean equator with the mean ecliptic. VLBI data allow the
determination of the mean equator of J2000 in the IERS cclestial system with an accuracy
of a few rims. By combining this result with a determination of the mean ecliptic based
on analysis of the planetary cphemeris and by using the frame tic calculated in Section V,

it is then possible to determine the location of the mean equinox of J2000 in the IERS
system.

The relit vector in the direction of the mean equinox at J2000 in the IERS cclestial frame,
Arers, can be defined as the cross product of a unit vector pointing toward the mean
cquatorial pole of J2000, P2 with a unit vector pointing toward the mean ecliptic pole
of J2000, 1S .

Virns = -:}**(]3””‘5 % j‘)n«;ns) (36)

sin e equ ecl

The unit vector towards the mean ecliptic pole in the IERS cclestial frame, is obtained
from equation (26):

_(_')2
prrs =6, (37)
[ 1
The mean ecliptic pole was determined in the process of creating the ephemeris DE200 in
an att crept to orient that cphemeris with the mean equator and equinox of 2000 (Standish,
1 982). That calculation is still useful for the present work because the deterinination of
the mean ecliptic pole (unlike the determination of the mean equator) is independent of
precession and nutation models.  Since the ephemeris DE200 was aligned such that the
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nodec of the ecliptic was zcro at the ecpoch J2000, the mean ecliptic pole of J2000 in the
reference frame of DE200, is given by the unit vector:

0
ppree = | _sine (38)
cos €

with e = 23 °26'21 .412“ (Standish 1982). Notc that this dctermination of the ecliptic. pole
is referred to a rotating ecliptic (Standish, 1981). The mean ecliptic pole can bce rotated
by using equation (21) to find its coordinates in the IERS frame:

—A,cos€e — Agsine
HIERS :
prims —sine 4 A; cose (39)
cos e+- Al sine |

where Al, A,, A, arc the components of the frame tic rotation vector, A}, given in
equation (35). The expression of the mecan equinox vector, 4;.rs, iS then derived from
cquation (36) as:

1
’3’11«:1(5 : —Az + (92 - Az)/tal'l € (40)
0,

By using values of 02, A, and A; from Sections IV and V, the coordinates in the IERS

frame of the mean equinox vector at cpoch J2000 have been calculated. They arc given in
the equation below.

1
Yirnrs = 83 4- 1@ mas (41)
223:3 mas

The accuracy of this determination is limited by the averaging procedurce used to determine
the mean ecliptic. The longest pcriod term used in the numerical fit for DE200 had a
period of 882 ycars. A comparison analytic thcorics of the motion of the planets with
the numerically integrated DE200 give values of the inclination of the mean ecliptic to the
ecliptic of date consistent with Standish’s at the mas level (Bretagnon, 1982: Chapront-
Touze’ and Chapront, 1983). However, a more recent analysis of numerically integrated
ephemerides, which included a term with a period of 1781 years gave a shift in the mcan
ecliptic pole of 2 mas. Standish, 1 993). The uncertaintics given in cquation (41) reflect
the latter study and our caution in giving results with respect to the mean ecliptic,

Vi -Conclusion

The rotational offset between the J PL planctary ephemeris DE200 defined by the orbits of
the Earth and the planets and the VI, I/IERS cxtragalactic frame has been determined
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with 3 mas accuracy from comparison of VI.LBI and LLR station coordinatcs derived from a
joint VLBI/LLR analysis. This result, which is the most accurate frame tie determination
obt ained so far, will enable more accurate interplanct ary spacecraft navigation. The frame
tic is dependent on the time of the mean data epoch because of uncertaintics internal to the
planctary ephemeris. Comparison of this frame tic result with results obt ained by other
techniques, e.g. VLBI observations of spacecraft at other planets, or comparison of VLBI
and timing positions of millisecond pulsars, indicatc that our determination is consistent
with those previous results. The location of the mean cquinox of J2000 in the IERS
intragalactic frame has also been calculated from our combined VLBI/LLR analysis. Our
calculation shows that the mean equinox of J2000 is shift ccl from the z-axis of the IER S
system by 834.10 mas along the y-direction and by 22 4- 3 mas along the z-direction. The
limiting factors of this determination arc the knowledge of the precession constant and the
relative orient, tion of VL.BI and LLR terrestrial frames, and the averaging procedure used
to calculate the mean ecliptic. In the future, improved precession and nutation constants
and a larger LLR nectwork should lead to an accuracy of 1mas in the calculation of the
extragalactic-planctary frame tic with this method.
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Table 1
Nutation terms estimated in joint VLBI/LLR data reduction
(corrections the TAU (1980) theory)

Period (days) Obliquity Longit ude
Lincar -3.79 4:0.09 mas/yr
(6798.4 in-phase 2.124:0.08 mas -10.87 + 0.46 mas

out-of-phasc 2,984:0.06 6.04 + 0.32
3399.2 in-phasc --0.29 4 0.06 2.51. 4+ 0.21 -
out-of-phase -0.35 4.0.05 -1.21 +0.17

429.8 in-phasc 0.09 4-0.03 ---0.04 + 0.07

out - of-phase -0.18 4- 0.03 —-0.45 4: 0.08

365.3 in-phase 2.103:0.03 4.733:0.07

cmt-of-phase -0.50 4- 0.03 1.373 0.07
1 S2.6 in-phase —0.644 0.02 1.58 + 0.05
cmt-c)f-phase -0.55 + 0.02 -1.30 + 0.06
13.7 in-phase 0.04 4+ 0.03 0.00 + 0.05
out -of-phase 0.07 4 0.02 0.00 + 0.07

UT1 tidal terms estimated in joint VLIBI/LLR data reduction

Tidal mode cos sin
S2 -3.5 4+ 1.3 ps 19.53: 1.3 pus
M2 -18.74 1.5 21.24- 1.5
N2 -12.34+1.1 - -05+ 1.1
K1 20.43: 1.9 ---2.3 +1.9
P1 —434+ 1.1 -10.1 #4+1.1
01 —-23,1 43.6 - -46.4 4+ 3.5

VI1.B3] and LLR polar motion and UT1-UTCrate offsets from a priori series

X (mas/yr) Y (mas/yr) UT1-UTC (ms/yr)
VLBI 0.064: 0.04 0.264:0.04 ~0.005  0.003
LL.R —-0.08 + 0.04 0.554-0.05 0.005 4: 0.003
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Table 2
Cartesian coordinates of DSN radiotclescopes at epoch 1988.0
in the VLBI terrestrial frame (gcocentric metric)

Site Antenna X (m) Y (m) Z (m)
Goldstone DSS 12 --2350443.690 -4651980.828 3665630.964
1)ss 13 —2351129.072 -4655477.097 3660956.960
DSS 14 —2353621.129 —-4641341.552 3677052.349
DSS 15 --2353538.676 -4641649.511 3676670.038
Tidbinbilla DSS 42 —4460980.821 2682413.543 --3674582.264
DSS 43 --4460894.396 2682361.587 —-3674748.760
DSS 45 —4460935.049 2682765.724 -3674381.591
Madrid DSS 61 4849245.252 —-360278.293 4114884.383
DSS 63 4849092.685 —-360180.698 4115109.050
DSS 65 4849336.780 —-360488.992 4114748.714
Table 3
Cartesian coordinates of LLRR tracking stations at cpoch 1988.0
in the LLR terrestrial frame (geocentric metric)
Station X (m) Y (m) Z (m)
MecDonald* —1330782.265 —-5328755.372 3235697.699
Halcakala -5466007.471 —2404427.063 2242188.555
Grassc 4581692.399 556194.929 4389354.954

* The coordinates given here arc those of the 2.7 m telescope. The positions of the three
McDonald LLR stations (the 2.7 m telescope, the original McDonald Laser Ranging Sta-
tion, and the new McDonald Laser Ranging St ation) were constrained together inthe
analysis, based on ground tics.
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[able 4 _
Cartesian coordinates of DSN l‘a(gotelcscopcs and LLR tracking stations
at epoch 1988.0 in the unified ITRF92 frame

Station X (m) Y (m) Z (m)
DSS 12 —2350443.676 —4651980.838 3665630.978
Dss 13 —2351129.045 —4655477.084 3660956.933
DSS 14 --2353621.115 ~4641341.540 3677052.355
DSS 15 --2353538.673 _4641649.540 3676670.049
D55 42 —-4460980,822 2682413.518 _3674582.264
1)ss 43 —4460894.394 2682361.548 _3674748.775
DSS 45 —~4460935.051 2682765.700 —3674381.594
R 4849245.258 ~-360278.299 4114884.408
D33 63 4849092,680 ~360180.692 4115109.057
OSS 05 4849336.787 ~360488.958 4114748.700
Viebonald ~1330781.245 ~5328755.584 3235697.713
Halcakala —5466006.954 -2404428.192 2242188.537
Grasse 4581692.355 556195.826 4389354.975

Table 5
Transformations from the unified ITRF92 frame

to the VLB1 and LLR fraimnes

VLBI LLR
7!  --0.43. 0.5 cm 7/ --5.3 4 6.4 cm
T, 0.840.5 cm T 3.0 4+ 83 cm
T, 0.04- 0.5 cm Ty 1.1+ 6.5 e
Y —0.3 40.2 mas RY =17 4 4.2 mas
R, '0.2410.2 mas Ry 1.2 424 mas
It 0.640.2 mas IRy 40.0 +£1.9 mas
D" 0.0 4 0110 D" -014 08103
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Table G
Comparison of VLBI/LLR frame tic with observed source position diffcrences
between the 1ERS celestial frame and the frame of planetary cphemeris DE200

Source mcasurcment direction” Observed VLBI/LLR
ICRF-DE200 ICRF-DE200
(mas) (mmas)

0202 -+ 149 Vega 1& 2 a 14412 543
0202 + 149 Vegal & 2 o ) 15412 -94 4
0250 + 178 Phobos I cos 8°G -+ sin 8°6 146 343
0423 + 233 Phobos 11 cos 42°6 4-sin 42°6 043 ~143
1937 + 210 pulsar timing & 345 1143
1937 + 210 pulsar timing o —114-12 --743

* Position differences are given in plane-of-sky coordinate differences in the direction of
increasing right ascension (&)and increasing declination (6).
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